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On June 20, 2020, the LIGO-Virgo collaboration announced the discovery of GW190814, a
gravitational wave event originating from a binary system merger between a black hole of mass
M1 = 23.2+1.1−1.0M and an unidentified object with a mass of M2 = 2.59+0.08−0.09M. This second
object would be either the heaviest neutron star or lightest black hole observed to date. Here we
investigate the possibility of the ∼ 2.6M object being a primordial black hole (PBH). We find that
a primordial black hole explanation to GW190814 is unlikely as it is limited by the formation rate of
the primary stellar progenitor and the observed merger rates of O(20)M massive black hole pairs.
PACS numbers:
I. INTRODUCTION
In recent years high precision cosmological and as-
trophysical observations have established ΛCDM as the
Standard Cosmological Model [1]. However one of its
main components, dark matter, has only been observed
through gravitational effects and thus its exact nature re-
mains illusive. Direct and indirect detection experimen-
tal searches [2–14] as well as the Large Hadron Collider
[15–17] have been unsuccessfully searching for a Weakly
Interacting Massive Particle (WIMP) as a dark matter
candidate. The most recent observed anomaly detected
in the XENON1T experiment does not match the re-
quired characteristics [18, 19] (however for a possible ex-
planation see [20]), while the parameter space of other
popular particle candidates such as axion dark matter is
shrinking [21, 22]. Other astrophysical candidates alter-
native to the particle hypothesis such as dark matter in
the form of Massive Compact Halo Objects (MACHOs)
has been considered, however they are also heavily con-
strained from microlensing experiments [23, 24].
In light of gravitational wave detections by the LIGO
Collaboration [25] originating from binary black hole
mergers with masses of about 30M another dark matter
candidate possibility resurfaced: primordial black holes
(PBHs) formed in the early universe prior to Big Bang
Nucleosynthesis [26–28]. The possibility that LIGO has
already detected dark matter in the form of 30M PBH
mergers is investigated in [29], and a wealth of other work
has been done on the merger rate of PBHs [30–34]. These
black holes can span numerous orders of magnitude in
mass but, similarly to MACHOs, their parameter space
has been heavily constrained [35] though a combination
of microlensing at lower masses [24, 36–38], Cosmic Mi-
crowave Background (CMB) experiments [39, 40], and
dynamical effects in Milky Way dwarf galaxies [41–43].
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Despite that, there are still three windows for PBH
masses in which PBHs can make up [1 − 10]% of the
dark matter energy budget [44] and thus they remain
an interesting option for further investigations, [1016 −
1017]g, [1020−1024]g, and [1−102]M. [35] However it’s
important to note that these constraints typically assume
a monochromatic PBH mass function as it is possible that
a continuum distribution of masses can be established at
formation [45–49].
Recently the LIGO-Virgo collaboration announced the
discovery of GW190814 [50], a gravitational wave event
originating from a binary system merger with a very
small ratio of masses M2/M1 = 0.112+0.008−0.009. The pri-
mary component was identified as a black hole of mass
M1 = 23.2+1.1−1.0M while the secondary object is uniden-
tified with a mass of M2 = 2.59+0.08−0.09M. This event is
surprising for two reasons; this is the most asymmetri-
cal binary mass ratio to date and the secondary object’s
mass lies within the so called “low mass gap”. This gap
between ∼ 2 − 5M owes to a complete lack of obser-
vations, in gravitational and electromagnetic waves, of
black holes with mass less than 5M or neutron stars
with mass above ∼ 2M [51–53]. Thus if we interpret
this event as a new category of binary system mergers
the derived merger rate is between 1− 23 Gpc−3yr−1.
Any attempts to explain this relatively high rate strug-
gle to do so within standard astrophysical and cosmo-
logical models. As discussed in [50], this observation
challenges most results obtained from population synthe-
sis simulations for isolated binaries. The observed rate
cannot be explained from a dynamical origin nor a low-
mass merger remnant that acquires a BH companion via
dynamical interactions in dense environments. Another
proposal was that this effect was subject to gravitational
lensing as discussed in [54]. This uncertainty opens up
the possibility that GW190814 is the result of a previ-
ously unknown population of mergers.
Here, we investigate the possibility that the 2.6M ob-
ject in GW190814 is a primordial black hole. Such an ex-
planation to GW190814 requires knowledge of the merger
rate of stellar mass black holes with primordial black
holes, while the dynamics of the formation and merger of
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2such binaries is regulated by the formation rate of heavy
stellar mass black holes.
10−2 10−1 100 101
z
103
104
105
n˙
1[
G
p
c−
3 y
r−
1 ] mp,? = 30M¯
mp,? = 60M¯
mp,? = 80M¯
Figure 1: The formation rate of 23M black holes, under the
maximal assumption that every star with mass greater than
mp,∗ will produce a 23M black hole. The thin, medium
and thick curves correspond to mp,∗ = [30M, 60M, 80M]
respectively.
II. PRIMORDIAL BLACK HOLE – STELLAR
BLACK HOLE MERGER RATE
We would like to characterize the probability of a
2.6M primordial black hole merger with a 23M stellar
remnant. Our plan is to first describe the rate density
for such an event and by comparing it with the observed
rate density obtained from GW190814 we will be able to
assess its probability. In what follows, we will use ‘2’ as
a subscript that denotes primordial black holes (e.g., of
mass 2.6M), and ‘1’ a subscript that denotes a compact
stellar remnant (e.g., a black hole of mass 23M).
The merger rate between a primordial black hole and
a stellar remnant can then be written as
R =
∫
P n˙1(z)n2(z) dV
dz
dz
1 + z . (1)
The rate as given in Eq. (1) has units of merger events per
year per volume, n2 corresponds to the number density
of primordial black holes, n˙1 is the number density of
stellar remnant formation at z per unit time, and dV/dz
is the cosmological volume element. The factor of 1 + z
in the denominator ensures proper conversion between
comoving and physical time intervals.
The quantity P describes the probability of such a
merger to occur. In some ways one may think of P as a
dimensionless “cross section” for such an interaction. It
encapsulates all the assumptions and uncertainties that
stem from our lack of knowledge of the precise physics
that drives such a processes. For example a primordial
black hole and a stellar origin black hole will become
bound if during weak gravitational scattering the energy
loss brings the total energy of the system below the initial
kinetic energy of the pair. This process depends on the
number density and velocity distribution of black holes.
Once the pair is bound, it will take some time, τ , for
gravitational wave emission to dissipate the orbital en-
ergy of the system and lead to the merger of the two
black holes. If during that time, a third black hole inter-
acts with the system then the binary will harden faster
with the ejection of the lightest black hole. The quantity
P in Eq. (1) qualitatively captures the net probability
of the merger, and therefore can be used to assess the
potential of a merger between a 2.6M primordial black
hole and a 23M black hole of stellar origin.
We will now describe each term that enters in the
rate calculation. The number density of primordial black
holes of mass M2 at redshift z can be expressed as
n2(z) = f2
ρDM
M2
(2)
= f2ΩM (1 + z)3
ρcrit
M2
, (3)
With ΩM taken to be ΩM = 0.3. The quantity f2 is the
fraction of the dark matter density in the form of primor-
dial black holes. This fraction is heavily constrained by
a swarm of observational arguments [35, 36, 39, 44], but
in general, around M2 ≈ 2.6M, f2 is less than 1%.
It is important to note that by writing Eq. (3) in this
fashion we make the implicit assumption of a monochro-
matic distribution of primordial black hole masses (of
M2 ≈ 2.6M). If instead we assume a spectrum of
masses then the abundance at any given mass will be
lower as compared to the monochromatic case. In ad-
dition, the number density of primordial black holes in
Eq. (3) is set by the mean dark matter density. This acts
as a lower bound because the origin of merger events
such as GW190814 is most likely in dark matter dense
environments (galactic halos) that imply a higher num-
ber density of primordial black holes (e.g., the mean dark
matter density of a dark matter halo is ∼ 200 times the
mean density of dark matter we assume in Eq. (3).
We can obtain the number density of 23M stellar
origin black holes in the following way. Assume that the
progenitors of such black holes are massive stars whose
formation rate is given by the cosmic star formation rate,
ψ(z), obtained from observations of star forming galaxies
out to high redshift [55],
ψ(z) = 0.015 (1 + z)
2.7
1 + [(1 + z)/2.9]5.6Myr
−1Mpc−3. (4)
The mass converted to stars of mass m at redshift z is
distributed according to a Salpeter-like [56] mass function
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Figure 2: Event rate R of 2.6M primordial black holes with 23M stellar black hole in the P − f2 (left) and P −Mminp (right)
parameter space. The color coding corresponds to the derived rate from GW190814.
rate density,
ξ′(m, z) = dN
dV dt d lnm ∼ m
−1.35 (5)
We can normalize the mass function at each redshift by
requiring that the integral of the rate density of formation
over all stellar masses is given by the star formation rate,
i.e, ψ(z) =
∫
ξ′(m, z) dm, where the limits of integration
are from 0.08M to 120M. We assume conservatively
that the mass function is independent of redshift (metal-
licity can change the slope of the Salpeter mass function)
– a shallower power law in the mass function will increase
the abundance of high mass stars. With this formalism,
the number density rate of stellar progenitors with mass
greater than mp,? (and up to mp,max = 120M) is then
n˙?(z) =
∫ mp,max
mp,?
ξ′(m, z)
m
dm. (6)
We interpret n˙? as the rate of formation of stellar pro-
genitors whose stellar remnant is a 23M black hole.This
is a maximal assumption as every star whose mass is
greater than 23M will produce a 23M black hole. Un-
der this assumption, the number density rate n˙2 of black
holes of mass 23M available to merge with a primordial
black hole is n˙1 = n˙?. Figure 2 shows the redshift de-
pendence of the formation rate of 23M black holes from
heavier stellar progenitors. The shape of this function is
set by the star formation rate, eq. 4 (peaking at z ≈ 2),
while the amplitude of the function is set by the initial
mass function of stellar masses, eq. 5.
III. RESULTS
The LIGO observation of GW190814 provides an es-
timate of the merger rate of 23M black holes with
2.6M compact objects. This observed rate is Robs =
[1 − 23]Gpc−3yr−1. In order to assess the probability
that the 2.6M object is a primordial black hole, we set
the merger rate of Eq. (1) equal to the observed rate, i.e.,
R = Robs, and then find the values of P and minimum
progenitor mass mp,? that can satisfy the equality.
Figure 1 shows the results of this calculation. We find
that if all stars with masses greater than 30M pro-
duce 23M black holes then the probability of LIGO
GW190814 being due to the merger of a 23M black
hole with a 2.6M primordial black hole is between
10−27 < P < 10−23 for 10−3 ≤ f2 ≤ 10−1. The largest
the f2 the smaller P is to maintain the same rate, while
for larger mp,? it needs to increase to accommodate the
smaller number of stellar black holes available.
To interpret this result we need to characterize the
physical meaning behind P. The terms in Eq. (1) (aside
from P) give all pairs of primordial and stellar black holes
per volume per time. Therefore P acts as a filter of how
many of those black holes are in binaries, and of those
how many would have merged per redshift interval. We
can parametrize P as
P =
(
Nbinary
Ntotal
)(
tu − τ
tu
)
(7)
where Nbinary/Ntotal is the fraction of objects in binary
systems, tu is the age of the universe, τ is the mean
duration between the formation of the stellar black hole,
4the time to form the binary system and the time it takes
for it to merge. In other words, the second term in eq. 7
quantifies how many of the binaries would have merged
in the lifetime of the universe. A value of τ = 0 means
that merging is instantaneous after formation and all the
binary systems would have merged. On the other hand a
value of τ = tu − t? means that no binary system would
have enough time to merge by today.
Let’s consider the limiting case for which the timescale
of the formation and merging of the binary is much less
than the age of the universe and thus τ ∼ 0. The de-
rived value of P in this case is just the fraction of pri-
mordial black holes in binaries needed to explain the ob-
served rate. Here, the smallness of this number (P ≈
[10−27− 10−23]) is extremely important – it implies (un-
realistically) that less than one primordial – stellar mass
black hole merger is needed in order to satisfy the re-
quirements in the observed cosmological volume of LIGO,
VLIGO.
The observation of one event requires at least one of
all the primordial black holes in VLIGO to have formed
a binary. Therefore, P is limited by a minimum value
Pmin = 1/(n2VLIGO), and as a consequence, Eq. (1) limits
the rate to a minimum value Rmin. This lower bound on
the rate depends only on the formation rate of the stellar
remnant partner and cannot be modified by adjusting
parameters for the primordial black hole population. In
other words, the minimum rate Rmin is set only by the
rate at which 23M black holes become available.
However there is an important caveat in this case. For
example if mp,? = 30M, Rmin is of order 105Gpc−3yr−1
(see Fig. (2)) which would immediately exclude the pos-
sibility of the 2.6M being a primordial black hole since
Rmin is 4-5 orders of magnitude larger than the observed
rate. In order to get around this obstacle, these 5 or-
ders of magnitude must be attributed to the probability
of forming such a system realistically and not instanta-
neously as previously assumed.
In this particular example we can relax the assump-
tion that τ ∼ 0 by setting (tu − τ)/tu ∼ 10−5, and de-
rive bound limits for the mean duration between form-
ing a binary system and when the system merges, as
tu > τ > (1 − 10−5)tu. The lower limit for τ is set by
the value mp,? because of the dependance of Rmin on the
stellar black holes formation rate n˙1. The larger mp,? is,
the fewer stars and thus stellar black holes are created,
reducing Rmin and allowing for smaller values of τ while
maintaining the observed rate.
Note that Nbinary/Ntotal doesn’t have to be necessarily
at its minimum value; there may be more than one such
binary system in VLIGO. As Nbinary/Ntotal approaches its
maximum value of N1/N2, the requirement to maintain
the observed rate has to be accounted for by reducing the
temporal factor in P. This argument further limits the
upper bound of τ , requiring timescales of merging that
are constrained by the formation of stellar progenitors
prior to reionization [57].
The above discussion highlights the main challenge in
the explanation of GW190814 with a primordial black
hole secondary: it requires significant fine-tuning of τ in
order to obtain the observed rate. The origin of this fine
tuning is necessitated by the large abundance of primor-
dial black holes – as long as a stellar progenitor produces
a 23M black hole, it is guaranteed that at least one
merger event will take place. Given the observed rate
of LIGO events that contain black holes of O(20)M is
[9.7−101]Gpc−3yr−1 [58] we know that such objects must
be quite abundant and in combination with the fine tun-
ing of τ make the primordial black hole interpretation for
the secondary component of GW190814 rather unlikely.
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